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Light Collection within the Framework of Geometrical Optics* 

ROLAN^D WlNSTONf 

The Enrico Fermi InsiihUe and Deportment <ff Physics, The Universily «/ Chicago^ Chicago, Illinois 60637 

(Received 28 June 1969) 

The problem of iight collection is examined from tirst principles within the framework of geometrical 
optics. From the outset, we distinguish between light collection and the usual theory of image formation. 
From phase-Space considerations, we derive the sine inequality, a generalization of the Abbe sine iaw 
appropriate to nonimaging systems. We construct two- and three-dimensional nonimaging^ systems that 
reduce the / number to the least allowed by the sine inequality. Such systems give substantially im])roved 
light collection as co'hipared with conventional systems. 
IbmEx Headings: Geometrical optics; Ray tracing; Fiber optics. 



The fundamental problem of light collection is: (iiven 
a set of light rays with a specified angular divergence 
^m»x distributed over an entrance aperture, how can we 
direct these rays efficiently onto the smallest possible 
exit aperture? 

To solve this problem, it is essential to distinguish 
between light collection and imaging. In the usual 
theory of image formation, the well-known Abbe sine 
law provides the relation between image size, object 
size, and dm^. For the purposes of light collection, how- 
ever, imaging is not required; we can improve light 
collection by constructing nonimaging systems. Jn this 
paper we derive an appropriate generalization of Abbe's 
sine law and discuss solutions of light-collection prob- 
lems based on this generalization. 

THE SmE INEQUALITY 

Inasmuch as it is intuitively obvious that phase-space 
considerations will be helpful in discussing the passage 
of trajectories (light rays) through a set of finite 
apertures, we adopt a hamiltonian description of our 
optical problem. Furthermore, we adopt a stationary, 
purely geometric formulation, and use one of the 
coordinates, say as the parameter that identifies the 
light rays. The alternative approach, in which time is 
used as a parameter, is less appropriate because, for 
nonimaging systems, rays that start simultaneously 



* Research supported by the TJ. S. Atomic Energy Commisdon. 
t Alfred P. Sloan Foundation fellow. 



from Zi (plane of the entrance aperture) will, in general, 
arrive at z^^ (the exit, aperture) at different times-^ 

Let a:(z), y{z) specify a light ray, and let these be 
single-valued functions of their argument z (this simpl\" 
means that we exclude light rays that double back on 
themselves) ; a natural choice for z would be the distance 
along the optic axis. In temis of these functions, 
l*\*miat's principle can be written in the form 

5^ n{l+x'+ff^h!zM), (1) 

where the dots denote differentiation with respect to s, 
and n is the index of refraction. We identif}- the inte- 
grand as the lagrangian of the light ray and derive the 
canonical momenta conjugate to .r, 

(d; aap)«(l+i*^-f •//-)i = «:r(l+i:2+^2)--i 

For meridional iight rays propagating in the x-z 
plane, conservation of phase-space volume implies 

I dxiip^^ I dxdp^, (3) 

^ Using time as the parameter of the light rays leads to the 
additional difficulty that the lagrangian vanishes identically. This 
is discussed by L. J.andau and £. Lifshitz, The Classical Theory 
oj Fields (Addison-VVesky Publishing Co., Inc., Cambridge, 
Mass., 1951), p. 139. 

»The stationary description of light rays that we adopt is 
treated by R. K. Luneburg, MalkcmalUai Theory of Optics 
(University of California Press, Berkeley, 1964). 



13 



whereas for light rays in three dimensions, 

f dxdydpsdptf- I dxdydp^pi,. (4) 

We are now in a position to generalise the Abbe sine 
law to nonimaging systems. Suppose that at every 
point of the entrance aperture (at z{) light rays subtend 
all angles up to Bvm with respect to the s axis. From 
Eq, (3), we have 



dxdpx'='2nidi slnd rr 



dxdpx<2nid^^ 



(5) 



so that 



ntd^>nid\ sini^ir 



(7) 

where di, are the aperture widths at 2x, z^ and the 
index of refraction is assiuned constant over the en- 
trance and exit apertures. Equation (7) is the sine 
inequality for meridional rays. To illustrate the content 
of Eq. (7), the entrance and exit phase space for a 
specific case is shown in Fig. 1. For propagation in three 
dimensions, we have, from Eq. (4), 



so that 



/ dxdydpyipy — n»ra i sin^dmax, 

J XI 

I dxdydp^pv< TLnran, 
J tt 

n2^az> n^a\ sin^m^s, 



{'>) 
(10) 
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where ai, a^i are the aperture areas at Zi, z^ and the index 
of refraction is again assumed to be constant over the 
entrance and exit apertures. Equation (10) is the sine 
inequality for light rays propagating in three dimen- 
sions. For systems with rotational synmietr\- about 
for which the angular momentum (xp^-ypj) is constant 
along a light ray, the equivalent of Eq. (10) can be 
derived simply.* For the ray with ma.ximum angular 
momentum at Zu we have 

(xpy'-ypx)*i^niRi sinflm«, (H) 

where Ri is the radius of the entrance aperture. At the 
exit aperture we have for the same ray, 

{xp^—ypx)x2<n2R2, (12) 

where Ri is the radius of the exit aperture, so that 

n2Ri>niRi sin^max, (^^) 

which is identical with Eq. (10) for rotationally sym- 
metric s^•stems. 



Fig. 1. <a) The area in phase space occupied by rays at the 
entrance aperture of a twcxJirtiensional light collector. In this 
example, 5m.x=*16'', n^L (b) The area in phase space occupied 
bv rays at the exit aperture of the same light collector. We have 
assumed dt-=^d\ sintf««, the limiting case of Eq. (7). 




Fio, 2. Construction of an ideal light collector for the case of 
constant index of refraction. In this example, dm»x~ 16". 

Equations (7) and (10) provide the desired restriction 
on the e.xit aperture^ imposed by the initial angular 
divergence, for optical systems that are not necessarily 
image forming. 

IDEAL LIGHT COLLECTORS 

We call an optical system that has the smallest 
/ number allowed by the sine inequality an ideal light 
collector. As is well known from the theory of lenses, a 
system of lenses that acts as an ideal light collector 
would have an / number =0.5, a physically unrealizable 
limit.* We are therefore led to consider the possibility 
of an ideal reflecting-surface collector. 

The conservation of phase-space voltmie expressed 
by Eqs. (3) and (4) ensures that transmission of un- 
wanted rays will necessarily result in reduced acceptance 

» This result is derived by Luncburg,^ also by J. Marshall, Fhys. 
Rev. 86, 685 (1952). 

* This follows from the connection between the / number and 
the Abbe sine law discussed in many optics texts. See, for example, 
M. Born and E. Wolf, Principles ofOpUcs (Pergamon Press, Ltd., 
Oxford, 1965), 3rd ed. 
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for the Tz.ys of interest; hence, in order for a s^-stem to 
act as an ideal collector, it must reject all rays having 
0>dmf^ at the entrance aperture. This complementary 
way of looking at the problem guides us to the solution. 
For simplicity we take up the case of meridional rays 
and constant index first* 

A. Two-Dimensionai Solution 

As a necessary condition, we must exclude the possi- 
bility of direct rays with 0>6m*x connecting entrance 
and exit aperture. The geometric construction shown in 
Fig. 2 shows that this implies a minimum length 

/ = = ii/2)(di+d2) COttfmax. (14) 

We now connect the two apertures by symmetric mirror 
curves that focus rays having ^— ^ni»x onto the edge of 
the exit aperture, thereby rejecting rays having ^>Bm^ 
and hence collecting all of the light of interest. It is 
clear from elementary geometry- that the required 




Fig. 3. Constniction of an ideal light collector for the case 
ni>«i. A typical light ray traversing the entire system is shown. 
In this example, tti/m^l.S and daMX—SS"* at the entrance 
aperture. 



curves x(z) are parabolas, lliis solution, which is unique 
for minimum /, has already been proposed.* 

A case of practical importance («2>ki) is solved by 
two collectors of the above t>'pe in tandem, as shown in 
Fig. 3. The first of these, immersed in a medium of 
index «i, is designed for Baxax s-PPropriate to the angular 
divergence at the entrance aperture, whereas the second, 
immersed in a mediimi of index «2> is designed for 
^inax=arc sin(»i/«2), the critical angle.^ This solution 
minimizes the length of the second collector, which is 
often advantageous in practice. 

B. Three-Bimensional Solution 

The acceptance of skew rays by light collectors has 
been investigated in detail only for systems possessing 



» H. Hintcrberger and R. Winston, Rev. Sci. Instr. 37, 1094 

(1966). 

* H, Hinterberger and R, Winston, Rev. Sci. Instr. 39, 1217 

(1968). 




9 max. 

Fig. 4. The angular acceptance as a function of angle of in- 
cidence at the entrance aperture for an ideal three-dimensional 
light collector. Note that the angular acceptance cuts off over a 
region M approximately 1** centered about dnax. In this e?cample, 

axial svTnmetr}'."^-' For such systems, the similarity of 
the forms of Eqs, (7) and (13) suggests that if a solution 
is successful in the plane, the figure obtained by rotating 
the plane-profile curve about the optic axis should be 
satisfactory^ for skew rays. This is guaranteed for the 
skew rays with maximum angular momentmn by Eq. 
(13) and for meridional rays by the two-dimensional 
solution. The behavior of intermediate cases is less 
obvious; we have examined the properties of the figures 
of revolution generated by the two-dimensional ideal 
solutions. We emphasize that whereas the plane-profile 
curve of such a surface is a parabola, the axis of the 
parabola is inclined at angle ftnax with respect to the 
optic axis, as shown in Fig. 2, so that the figure of 
revolution is not a paraboloid but a fourth-degree 
surface. We find by detailed ray tracing, using an 
IBM 7094 computer and a Monte Carlo technique, that 
the three-dimensional generalization indeed behaves in 
the ideal way by cutting off the angular acceptance at 
^max. However, when we examine the case more closely, 
we find that the cutoff takes place over a very narrow 
transition region Ad centered about $tn»x and not dis- 
continuously as in' the two-dimensional case. We find 
that A6 is approximately 1**, nearly independent of 
^max- Figure 4 shows the angular acceptance in a typical 
case. Note that when the angle of incidence at the 
entrance aperture is exactly Bau^f the acceptance is 
approximately f . In practical applications, the distinc- 
tion between a rigorously discontinuous and the quasi- 
discontinuous cutoff exhibited by the three-dimensional 
solution is academic because Ai9<<^max. 
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Dielectric compound parabolic concentrators 

Roland Winston 

University of Chicago, Enrico Fermi Institute and Phys- 
ics Department, Chicago, Illinois 60637. 
Received 28 November 1975. 
Sponsored by Jay M. Enoch, University of Florida. 

The Compound Parabolic Concentrator (CPC) in both 
troughlike and conelike geometries has been described in 
previous papers.^*^ Such devices can achieve a concentra- 
tion ratio (entrance area/exit area) 

X = n/sin^naax (trough), (1) 

X ~ n^hinHxn&x (cone). (2) 

where ffmax is the angular acceptance (half-angle) and n is 
the index refraction of ithe collector relative to the sur- 
rounding medium. This concentration is the maximum 
permissable by physical principles. 

The CPC is a nonimaging light funnel that derives its 
characteristic optical properties from the specific shape of 
the external wall, which is made specularly reflecting. The 
diameters of these structures are generally large relative to 
the wavelength of light. We have also investigated models 
of certain visual receptors, which strikingly resemble the 
compound parabolic shape and wherein the specularity was 
achieved by total internal reflection.^** In these examples, 



chosen to simulate the conditions found in nature, a frac- 
tion of the light rays leaks out because they fail to satisfy 
the condition for total internal reflection. 

The novel suggestion in this communication is the obser- 
vation that for certain values of parameters (of consider- 
able practical importance), the interface between the CPC 
and the surround becomes a perfect total internal reflec- 
tion mirror that permits no leakage of radiation. This re- 
sult is unexpected because the condition for maximal con- 
centration [Eqs. (1) and (2)], which determines the shape of 
the external wall, and the condition for total internal re- 
flection (angle of incidence exceeds the critical angle) have 
no a priori comiection. 

Incident rays that lie within the angular acceptance 
(^raax) of the trough CPC are refracted into an elliptic cone 
of semiminor angle Bm^x and semimajor angle where 

sinflniax' - (1/rt) sin^max, and (3) 

$c = arc sin(l/n). (4) 

the critical angle. For the cone CPC the angular range is, 
to an excellent approximation, a cone of half-angle dmax'.^ 
These. rays are fimneled to the exit aperture after perhaps 
one or more reflections. For a ray to undergo total internal 
reflection at the wall, it must lie outside the critical cone of 
half-angle B^. For a trough CPC in contrast with a linear- 
ly tapered concentrator, rays within the acceptance angle 
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do not cross over from one side wall to the other. There- 
fore, the severest test of the total internal reflection condi- 
tion occurs for the extreme meridional ray incident on the 
exit edge of the external wall (see Fig. 1). Then the condi- 
tion becomes 

8inflxr.ax':S{l-2//i2), (5) 

so 

8infim«^n(l-2/yi2), (6) 

x^^x « 1/(1 - 2/^2) (trough). (7) 

Notice that the onset of collection occurs at n = \/2, but 
for sin^mnx = 1, Eq. (6) has the solution n>2. Hence, the 
full range of angular acceptance •jr/2 > daxax ^ 0 is spanned 
by 2 > n ^ V2, which is, in fact, a range of indices of re- 
fraction covered by common materials. Notice also that 
the end walls of a trough collector are total internal reflec- 
tion mirrors for n > V2, which always holds after the onset 
of collection. For a case of practical importance, n ^ 1.5, 
we have ^oiaat 10**f «max ^ 9- For solar energy collection 




Fig. 1. The left half shows the profile curve of a compound para- 
bolic concentrator (trough or cone). The optic axis is denoted by 
OA, and other quantities are defined in the text. The right half il- 
lustrates how the angular acceptance cone lies just outside the crit- 
ical cone at the exit edge of the external wall and provides the 
basis for a geometric derivation of Eq, (5). The acceptance cone 
C (axis P) is elliptic for a trough CPC and right circular for a 
cone CPC. The critical cone C (axis N) is tangent to the accep- 
tance cone along the extreme meridional ray M. The ray MR il- 
lustrates that multiple reflections in a trough will be totally Inter- 
nally reflected. 



applications, such a device requires no diurnal tracking but 
only occasional seasonal adjustment to follow the apparent 
motion of the sun. 

For a cone CPC, the above argument applies directly to 
the meridional rays. Moreover, the fact that a maximum 
angle (fimnx) meridional ray impinging on any portion of the 
external wall always lies outside the critical cone ensures 
that all rays at the first and last reflection also lie outside 
the critical cone. This extends the argument up to and in- 
cluding two reflections. To check the behavior of skew 
rays undergoing more than two reflections (a small fraction 
of all accepted rays), a computer ray trace was performed. 
No failures of the condition for total internal reflection 
were found so we conclude that meeting the conditions of 
Eqs. (5) and (6) ensures that no rays leak out for the cone 
CPC as well. For the cone CPC the maximum concentra- 
tion becomes 

Jmax = 1/(1 - (cone), (8) 

which assumes the value Xmax ^ 81 for the example n ^ 1.5 
used above. 

Finally, we remark that the CPC design is generated by 
allowing the pro^le curve of the external wall to take on the 
maximum possible slope consistent with reflecting the ex- 
treme rays onto the receiver. Similarly, the dielectric CPC 
profile curve is generated by allowing the maximum possi- 
ble slope consistent with totally internally reflecting the 
extreme rays onto the receiver. This guiding principle 
specifies the design for quite general combinations of angu- 
lar acceptance, indices of refraction, and receiver shapes. 

A more detailed publication describing various design 
concepts and performance analysis of the dielectric com- 
pound parabolic concentrator will be published jointly by 
the present author and N. S. Kapany in due course. The 
author is grateful to N. S. Kapany for stimulating an inves- 
tigation of the concept of total internal reflection and how 
it might be applied to the CPC design. He is also grateful 
to M. P. Borun for helping to clarify the ideas presented in 
this note and to J. A. Simpson for support. 
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Power From The Sun 

Power From The Sun is the great new website by William Stine and 
Michael Geyer. It features a revised and updated (and free!) version 
of "Solar Energy Systems Design" by W.B. Stine and R.W.Harrigan 
(John Wiley and Sons, Inc. 1985) retitled "Power From the Sun", 
along with resources we hope you will find useful in learning about 
solar energy. 

This website is meant to be a 'living' site where additions and 
changes are continuously being made. Currently the active tabs 
are: 

o Power From The Sun - (most chapters) 
o Sun Angle Calculator 
o Solar Time Calculator 
o j.T.Lyle Center 
o contact us 

Press the buttons on the left and take a look!!! 
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more legible. Also equation references In the text are hyperlinked to the equation and 
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9. 



Concentrating Collectors 



The optical principle of a reflecting parabola (as discussed in Chapter 8) is that all rays of 
light parallel to its axis are reflected to a point. A parabolic trough is simply a linear 
translation of a two-dimensional parabolic reflector where, as a result of the linear translation, 
the focal point becomes a line. These are often called line-focus concentrators. A parabolic 
dish (paraboloid), on the other hand, is formed by rotating the parabola about its axis; the 
focus remains a point and are often called point-focus concentrators. 

If a receiver is mounted at the focus of a parabolic reflector, the reflected light will be 
absorbed and converted into heat (or directly into electricity as with a concentrating 
photovoltaic collector). These two principal functions, reflection to a point or a line, and 
subsequent absorption by a receiver, constitute the basic fimctions of a parabolic 
concentrating collector. The engineering task is to construct hardware that efficiently exploits 
these characteristics for the useful production of thermal or electrical energy. The resulting 
hardware is termed the collector subsystem. This chapter examines the basic optical and 
thermal considerations that influence receiver design and will emphasize thermal receivers 
rather than photovoltaic receivers. 

Also discussed here is an interesting type of concentrator called a compound parabolic 
concentrator (CPC). This is a non-imaging concentrator that concentrates light rays that are 
not necessarily parallel nor aligned with the axis of the concentrator. 

• To complete this section we describe engineering prototype concentrators that have 
been constructed and tested. Parabolic concentrators that are not commercial products 
were chosen for discussion. This allows fi-ee discussion without concern for revealing 
proprietary information. In addition, the prototype concentrators discussed are 
representative of the parabolic concentrators under development for commercial use, 
and considerable design information is available. 

Performance data from some early prototypes are presented. The development includes the 
following topics: 

• Receiver Design 

o Receiver Size 

o Receiver Heat Loss 

o Receiver Size Optimization 

• Compound Parabolic Concentrators (CPC) 

• Prototype Parabolic Troughs 

o Sandia Performance Prototype Trough 

• Prototype Parabolic Dishes 

o Shenandoah Dish 
o JPLPDCl 

• Other C oncentrator Concepts 

o Fixed-Mirror Solar Collector (FMSC) 
o Moving Reflector Stationary Receiver (SLATS) 
o Fixed-Mirror Distributed Focus (FMDF) (spherical 
bowl) 

• Prototype Performance Comparisons 



9.2 Compound Parabolic Concentrators (CPC) 



CPC Design Concepts - An interesting design for a concentrating collector makes use of the 
fact that when the rim of a parabola is tilted toward the sun, the rays are no longer 
concentrated to a point, but are all reflected somewhere below the focus. The rays striking 
the half of the parabola which is now tilted away from the sun are reflected somewhere above 
the focus. This can be seen on Figure 8.10 (repeated below as Figure 9.9 ) where the rays on 
the right-hand side are reflecting below the focus and the rays on the left-hand side are 
reflecting above the focus. If the half parabola tilted away from the sun is discarded, and 
replaced with a similarly shaped parabola with its rim pointed toward the sun, we have a 
concentrator that reflects (i.e. traps) all incoming rays to a region below the focal point. 




Since the rays are no longer concentrated to a single point, this design is called a non-imaging 
concentrator. A receiver is now placed in the region below the focus and we have a 
concentrator that will 'trap' sun rays coming from any angle between the focal line of the two 
parabola segments. Receivers can be flat plates at the base of the intersection of the two 
parabola, or a cylindrical tube passing through the region below the focus. 



The basic shape of the compound parabolic concentrator (CPC) is illustrated in Figure 9. 10. 
The name, compound parabolic concentrator, derives from the fact that the CPC is comprised 
of two parabolic mirror segments with different focal points as indicated. The focal point for 
parabola^ (F4) Ues on parabola 5, whereas the focal point of parabola.^ (FB) lies on 
parabola^. The two parabolic surfaces are symmetrical with respect to reflection through the 
axis of the CPC. 




Figure 9,10 The compound parabolic concentrator (CPC). 



The axis of parabola^ is also shown in Figure 9.10 and, by definition, passes through the 
focal point of parabola^ and the axis of parabola 5 likewise passes through the focal point of 
parabola B, The angle that the axes of the parabola A and B make with axis of the CPC 
defines the acceptance angle of the CPC. Light with an incidence angle less than one- half the 
acceptance angle will be reflected through the receiver opening (see Figure 9. 1 la). Light with 
an incidence angle greater than one-half the acceptance angle will not be reflected to the 
receiver opening (Figure 9. 1 lb) and will, in fact, eventually be reflected back out through the 
aperture of the CPC. 




Figure 9.11 Light reflection from the CPC. a) Incidence angle less than acceptance angle; b) 
Incidence angle greater than acceptance angle. 



The concentrating ability of the CPC can be understood through the use of ray tracing 
diagrams. The ofF-axis optics of parabolic troughs were discussed briefly in Chapter 8. That 
discussion is expanded here in order to explain the concentrating ability of the CPC. 



If beam solar irradiance parallel to the axis of parabola^ were incident on the CPC shown in 
Figure 9.10, the light would be perfectly focused (ignoring the 0,5 degree solar degree-width 
and any mirror inaccuracies) to point JFA, the focal point of parabola^. The behavior of beam 
solar irradiance not parallel to the axis of parabola^ is shown in Figure 9.9. Note that all of 
the solar irradiance incident on the right half of the parabola is reflected such that it passes 
beneath the focal point between the focal point and the surface of the parabolic mirror. 



If the right half of the parabola in Figure 9.9 is tilted up to angle one-half the acceptance angle 
in order to approximate the orientation of parabola A in Figure 9. 10, the situation would be 
analogous to that depicted in Figure 9.1 la: All incident beam solar irradiance that is inclined 
to the right of the axis of the parabola in Figure 9.9 would he reflected by the right hand 
segment of the parabola beneath the focal point. Thus such solar irradiance would enter the 
receiver opening of an equivalent CPC. 



The converse situation is true where the angle of incidence is greater than one-half the 
acceptance angle. This situation is represented by the left half of the parabola in Figure 9.9. 



In this situation, all the incident beam solar irradiance is reflected above the focal point of the 
parabola and would not, as indicated in Figure 9. 1 16, enter the receiver opening of an 
equivalent CPC. 



In operation, the CPC is usually deployed with its linear receiver aligned along an EAV line. 
The aperture of the CPC is typically tilted toward the south so that the incident solar 
irradiance enters within the acceptance angle of the CPC. Provided the sun's apparent motion 
does not result in the incident solar irradiance falling outside the CPC's acceptance angle, the 
CPC's aperture need not be tracked. Typically, a CPC*s aperture need not be tracked on an 
hourly basis throughout a day since the sun's declination does not change more than the 
acceptance angle throughout a day. However, the tilt of the CPC may have to be adjusted 
periodically throughout the year if the incident solar irradiance moves outside the acceptance 
angle of the CPC. 



The geometric concentration ratio of a CPC is related to the acceptance angle by 




(9.7) 



where ^accept is the acceptance angle of the CPC, 



As the concentration ratio of the CPC is increased in an attempt to increase performance at 
elevated temperatures, the acceptance angle of the CPC must be reduced. The narrowing of 
the acceptance angle results in a requirement for increasing the number of tilt adjustments of 
the CPC throughout the year. Table 10. 1 lists the number of tilt adjustments needed for CPC 
collectors with various concentration ratios. Cosine effect changes due to these adjustments 
are not included on this table. 



Table 10.1. Tilt Requirements of CPCs with Different Acceptance Angles 

(RabI, 1980) 
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Prototype Performance - The performance of the Concentrating Parabolic Concentrator 
(CPC) varies with the acceptance angle. An acceptance angle of 180 degrees is equivalent to 
a flat-plate collector, and an acceptance angle of 0 degrees is equivalent to a parabolic 
concentrator. 



There has not been extensive performance testing of the CPC concept. As a result, there is to 
the authors' knowledge no published J 7/7 curve for CPCs. However, the Solar Energy 
Research Institute (Anonymous, 1979) has used the equation 



(9.8) 



where the variables are defined as in Chapter 5. This equation is for a CPC with a 
concentration ratio of 5, resulting in an acceptance angle of about 19 degrees. Sharp (1979) 
has evaluated this equation and found it to be equivalent to that of a good parabolic trough. 
However, Sharp has pointed out that parasitic losses associated with pumping the heat- 
transfer fluid through the small tubing typically used in CPC receivers could be a major 
problem. Unfortunately, there is, as stated previously, a general lack of published test data. 



It might be pointed out that computation of the CPC thermal energy production with the use 
of Equation (9.8) is straightforward if one assumes that the CPC tracks the sun about one 
axis. This is essentially what results from the multiple tilt adjustments given in Table 10.1. 
Since there is a general lack of data on the angular dependence of diffuse solar irradiance 
about the beam solar irradiance, Sharp (1979) suggests use of the beam solar irradiance in 



computing CPC performance in clear climates even though a fraction of the diffuse solar 
irradiance is captured. If data were available, the diffuse solar irradiance falling within the 
CPC's acceptance could be included in Equation (9.8). . 



